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APPENDIX I. FLUTE HEIGHT DIFFERENCE RESULTS FOR SINGLE-FACED BOARD e7
THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
RELATIONSHIP BETWEEN HIGH-LOW FLUTE FORMATION AND
THE PROPERTIES OF THE CORRUGATING MEDIUM
SUMMARY
This study was initiated to study the relationships between various.cor-
rugating medium properties and the occurrence of high-low corrugations. For this
purpose, twenty-one 26-lb. semichemical mediums were selected so as to provide a
wide geographical representation of mediums included in the FKI medium base-line
study.
The corrugating mediums were fabricated into A-flute single-faced board
on the Institute's corrugator using (a) normal operating conditions which usually
produce a minimum of high-lows and (b) adverse operating conditions known to give
more pronounced high-low corrugations. Thus, the adverse conditions give an indi-
cation of how a given medium will perform under less than "ideal" corrugating con-
ditions.
The single-faced board was evaluated to determine the difference in height
between adjacent flutes (average flute height difference). Relationships between
the average flute height difference.and various medium properties were then studied.
Based on the results obtained herein, the following conclusions maybe
drawn:
SIMPLE CORRELATIONS
1. The following properties exhibited statistically significant correla-
tions at the 0.10 level or better with average flute height differences (listed in
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a. Normal operating conditions
(1) Alcohol-benzene extractives (r = -0.53)
(2) Formation (r = -0.44)
(3) "Elastic" work (product of tensile strength times recoverable
stretch) (r = 0.44)
(4) Tensile work (r = 0.42)
(5) Tensile strength (r = 0.40)
b. Adverse operating conditions
(1) Tensile strength (r = 0.52)
(2) Tensile work (r = 0.47)
.(3) "Elastic" work (r = 0.46)
(4) Tensile stiffness (r = 0.44)
(5) Tensile modulus (r =:0.42)
c. Composite of normal and adverse operating conditions
(1) Tensile strength (r = 0.51)
(2) Tensile work (r = 0.48)
(3) "Elastic" work (r = 0.48)
(4) Tensile stiffness (r = 0.38)
(5) Alcohol-benzene extractives (r = 0.38)
simple correlation coefficients in (1) above were only of interme-
Thus, none of the properties, taken individually, were highly related
formation.
COMBINED DATA. NORMAL AND ADVERSE OPERATING CONDITIONS
3. Considering predictive accuracy, significance of individual properties,
and multiple correlation coefficients, average flute height differences appeared to
be best related to either of the following sets of properties:
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a. Tensile strength and formation; 
b. Tensile strength, formation, and hygroexpansivity contraction
(92-25% R.H.).
4. The average predictive accuracies of 3-a and 3-b were 16.6 and 15.4%,
respectively. Thus, inclusion of the hygroexpansivity contraction made onlya small
improvement in predictive accuracy. Also, it maybe noted that the average prediction
accuracies are fairly large. However, this is attributable in part to the high coef-
ficients of variation associated with the flute height differences.
5. Average flute height differences increased as
a. tensile strength.increased;
b. formation became less uniform;
c. the hygroexpansivity contraction increased.
6. An independent check of the regression equations was made employing
data from another study (Project 2696-7, report in progress). While the data are not
included in this study, the results indicated that the predictions of average flute
height difference from tensile strength and formation were in reasonably good agree-
ment with the observed values. This lends support to the conclusion that tensile
strength and formation influence high-lows.
NORMAL CORRUGATING CONDITION DATA
7. The best predictions of average flute height differences with all pro-





The average prediction error was 13.2%.
8. In 7, average flute height differences increased as
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a. alcohol-benzene extractives decreased;
b. formation becameless uniform;
c. friction increased.
9. As an alternative to regression equations based on alcohol-benzene
extractives as one of the properties, it appeared that the combination of tensile
strength and formation gave the next best predictions of single-face flute height
differences. The average predictive accuracy was 15.4%. The direction of the effects
of tensile strength and formation was the same as in 5 above.
ADVERSE CORRUGATING CONDITIONS
10. Stepwise, multiple regression analysis indicated that some improvement
in predictive accuracy - relative to tensile strength or tensile work alone - could
be achieved with either of the following sets of properties:
a. tensile strength, hygroexpansivity contraction (92-25% R.H.),
and caliper;
b. tensile work, hygroexpansivity (25-92% R.H.), and caliper.
However, in these regressions only tensile strength and tensile work were highly sig-
nificant (0.01 level). ..
GENERAL
The above results suggest that high-lows are: influenced by the tensile
load-elongation characteristics of the medium. It is speculated that this may occur
because the amount of strain recovery in the medium after passage through the corru-
gating nip will be dependent on the load-elongation characteristics of.the medium.
Formation uniformity may influence high-lowsbecause of local differences in the
response of the sheet to the corrugating stresses. Also, local differences in density
and caliper may affect the oscillatory displacement of the upper roll and the
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consequent molding of the flute. Hygroexpansivity may influence high-lows due to
stress and strain relaxation effects associated with the changes in moisture content
of the medium during corrugating.
In addition to the above, the analysis also suggested that the kinetic
coefficient of friction and the amount of alcohol-benzene extractives influence high-
lows. The coefficient of friction may be expected to influence the tensions induced
in the web in the corrugating labyrinth and consequently affect the amount of strain
recovery after the corrugating nip. The alcohol-benzene extractives may be expected
to contain various resins and waxes. While present in relatively small amounts, one
or more of the constituents may affect the permanency of flute molding and/or the
frictional characteristics of the medium.
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INTRODUCTION
One limiting factor in the corrugating operation is the formation of high-
low flutes. The tendency to form high-low corrugations has been shown to vary.sig-
nificantly from medium-to-medium and is also dependent on the corrugator operating
conditions (1). However, there is little known relative to which properties of the
corrugating medium influence high-low flute formation. With this in mind, this
study was initiated for the purpose of investigating relationships between conven-
tional and special corrugating medium properties and the occurrence of high-low
corrugations. 
A review of the literature relative to high-low flute formation may be
found in Reference (1). In general, most of the writers - Velarde (2), Skiver (3),
Scordas (4), and Wilson (5) - mention moisture content of the medium as a factor in
causing high-lows. Wilson (5) also notes that fugitive rosins or sizes may cause
the medium to stick to the corrugating rolls - perhaps contributing to high-low for-
mation. Other than the above, there seems to be no information in the literature in-
dicating specific properties of the medium causing high-lows.
In general, high-low corrugations are a manifestation of:the fact that the
heights of consecutive flutes vary in.a periodic manner - i.e., the heights tend to
be alternately high and low. The height periodicity appears to be present in all
corrugated board regardless of medium even though the magnitude may differ from.
medium to medium. The fact that the phenomenon is invariably encountered indicates
that the basic cause is inherent in the process though the magnitude may be influ-
enced by the medium.
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MATERIALS
Twenty-one 26-lb. semichemical mediums were selected from the medium base-
line study so as to provide a wide geographic representation of the types of medium
currently included in the base-line study. A listing of the rolls selected together





























The selected mediums were fabricated into A-flute single-faced board on the
Institute's corrugator using (a) normal operating conditions, and (b) adverse operating
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conditions known to produce more pronounced high-lows. Samples of the single-faced
board were taken at speeds of 300 and 450 ft./min. for each condition.
The operating conditions were as follows:
A. Normal Operating Conditions
1. Tension: .0.5 lb./in.
2. Roll pressure: 327 lb./in.
3. Shower pressure: 14 p.s.i.
4. Angle of take-off: tangential
B. Adverse Operating Conditions
1. Tension: 2 lb./in.*
2. Roll pressure: 187 lb./in.
3. Shower pressure: none
4. Angle of take-off: 15 ° above tangential
For many of the mediums it was necessary to reduce the web tension in the "adverse
condition runs",to avoid flute fracture. The tensions used in these cases were as
follows:
Tension, lb./in.
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CONDITIONING
All materials were preconditioned for at least 24 hours at less than 35%
R.H. and 73°F. and conditioned for at least 48 hours at 50% R.H. and 73°F. prior
to test except when specifically noted in the test procedure.
TESTING PROCEDURES
SINGLE-FACED BOARD
From each sample of single-faced board, twenty 5-square inch circular
specimens were cut at approximately 5-foot intervals avoiding folds and creases.
A special caliper was used to measure the heights of five consecutive flutes on
each specimen to the nearest 0.0001 inch. The force on the spindle of the dial
gage was 100 grams and the diameter of the caliper foot was 3/8 inch.
The average individual flute caliper was calculated from the average of
the 100 height measurements. The average difference in height of consecutive flutes
(average flute height difference) was calculated by taking the absolute difference
between consecutive flutes (four differences per five flute height measurements on
a given specimen), summing the differences for the twenty specimens and dividing by
the total number of differences - in this case, eighty.
In addition, the number of differences in height of consecutive flutes
which fell in various ranges - e.g., 0-3.0, 0-4.0 points, etc., was counted to des-
cribe the distribution of differences.
CORRUGATING MEDIUM
Samples of each corrugating medium were taken at start and end of the
fabrication runs. For each test property evaluated, half the determinations were
made on the "start" sample and half were made on the "end" sample.
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The properties evaluated are.listed in Table II. In general, TAPPI
standards were employed in the testing where possible. Test procedures for pro-
perties not covered by TAPPI standards are described briefly below.
TABLE II





4. Kinetic coefficient of friction
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11. Concora caliper difference
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At time of fabrication
At time of fabrication and at 50% R.H.





(5) tensile modulus (E)
(6) tensile stiffness, (Et), [modulus x thickness (t)]
(7) tensile work (tensile x stretch product)
(8) "elastic" work (tensile x recoverable stretch product)
(9) secant modulus
1. Kinetic coefficient of friction. The frictional properties of the
medium (medium vs. chrome-plated steel) were determined using a modified form of the
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tester described in Reference (6). A test was performed by placing a strip of med-
ium on a Teflon-covered plane, placing a chrome-plated steel block (weight of block
corresponded to 0.68 p.s.i. pressure on the specimen) on the top surface of the
specimen and pulling the specimen from under the chromed block at a fixed rate of
speed (87 in./min.). The chromed block was attached by means of a flexible cable to
a cantilever beam which measured the frictional force.
2. Transverse compression. The-transverse compression characteristics of
the medium were measured by using a special compression jig to apply compressive force
in the thickness direction of the sheet over an effective specimen area of 0.25 square
inch. Load-deformation curves were obtained using a test rate of 3,000 lb./min. The
change in caliper expressed as a percentage of the original caliper was determined at
pressures of 2000 and 5000 p.s.i. and the "permanent" change in caliper in percent
after removal of the 5000 p.s.i. pressure was calculated.
3. Tensile load-deformation curves. Machine direction tensile load-elonga-
tion curves were obtained using a span of 180 mm. and a test rate of 60 lb./min. From
the load-elongation curves the ultimate tensile and stretch values were obtained and
the tensile modulus (E) and tensile stiffness, Et, were calculated from the initial
slope (see Fig. 1). In addition, estimates of the recoverable and nonrecoverable
stretch were derived from the curves as illustrated in Fig. 1. Approximate measures
of energy absorption capacity were obtained by calculating the following quantities -
(1) tensile x stretch, and (2) tensile x recoverable stretch. They were termed ten-
sile work and "elastic" work, respectively. The secant modulus was calculated from
the slope of the line extending from the origin through the point corresponding to the
maximum tensile and stretch (see Fig. 1).
4. Concora caliper difference. Five specimens were fluted on the Concora



























Sr = recoverable elongation
Sn= non-recoverable elongation
ELONGATION ---
Figure 1. Tensile Load-Elongation Curve Properties
/
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The heights of the ten flutes on each specimen were then measured using the same
caliper used for the single-faced board caliper measurements. The differences in
height between adjacent flutes were calculated using the results for the middle
eight flutes (Note: The results for the two end flutes were not used in the calcu-
lations because they tended to exhibit greater heights than the middle eight flutes).
Thus, seven height differences were obtained for each specimen giving 35 differences
for the five specimens. The average flute height difference was recorded to the
nearest 0.1 point.
5. Concora moldability length. This procedure was investigated for the
purpose of determining if the various mediums exhibited differences in "spring back"
after corrugating in the Concora fluter. Briefly, specimens were fluted in the
Concora fluter and the specimen was placed on a flat surface. A glass microscope
slide, 1 x 3 inches in size and weighing 5.7 g., was laid on top of the specimen.
The length of the specimen was then measured after allowing it to relax for periods
of 10 and 60 seconds. A steel rule graduated in O.01-inch increments was used. The
lengths after 60 seconds relaxation were averaged for the ten specimens tested for
each sample. It should be remarked that while differences were found between mediums,
the differences were relatively small considering the possible errors in measurement.
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DISCUSSION OF RESULTS
FLUTE HEIGHT DIFFERENCES - SINGLE-FACED BOARD
As mentioned previously, twenty-one 26-lb. semichemical mediums were fab-
ricated into single-faced board using (a) normal operating conditions which generally
result in a minimum of high-lows, and (b) adverse operating conditions which generally
result in a greater tendency to high-low flute formation. Flute height measurements
were made on single-faced board samples taken at 300 and 450 f.p.m. at each condition.
The differences in height between consecutive flutes were calculated and the average
flute height differences (based on 80 difference measurements at each speed) are sum-
marized in Table III for each sample roll. More detailed summaries of the flute
height data may-be found in Appendix I.
When the flute height differences are averaged for the two speeds, it may
be noted in Table III or Fig.2 that the results at normal corrugating conditions
ranged from a low of 1.06 points for Roll 688 to a high of 2.60 points for Roll 710.
Under adverse conditions the flute height differences averaged for the two speeds
ranged from a low of 1.82 points for Roll 717 to a high of 4.68 points for Roll 768.
Thus, the mediums selected for the study exhibited a fairly wide range of flute height
differences.
It may be noted that the adverse operating conditions generally resulted in
greater average flute height differences relative to the normal operating conditions.
Thus, the overall average flute height difference of 1.71 points for normal operating
conditions increased to 3.08 points for the adverse operating conditions. Therefore,
operating conditions do influence high-lows as experience and past studies have shown.
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In assessing the significance of differences between.rolls with regard
to average flute height difference, Reference (2) indicated the coefficient of
variation for caliper differences was relatively high - about 73%. The standard de-
viations obtained in this study (see Appendix I.) also would result in similar magni-
tudes for the coefficient of variation. Thus, the precision of the average flute
height difference is relatively low.
A current study (Project 2696-7) indicates that the standard error of an
average of 80 observations will be approximately 0.3 point. This is a composite
estimate involving both the variability of individual observations and between-run
variability. Thus, confidence limits on the average flute height differences at
each speed would be approximately + 0.6 point. For the averages of the results at
two speeds the standard error would be approximately 0.23 point and the approximate
95% confidence limits would be + 0.46 point. Despite the large number of observations
involved, the confidence limits are relatively broad and this fact must be taken into
account when assessing differences between rolls or the prediction errors discussed
in later pages.
It should be kept in mind that the individual flute height difference obser-
vations do not conform to the "normal distribution" curve because the sign of the
observation is disregarded. This results in skewed distributions. Therefore, "normal
distribution" curve statistics cannot be used to make accurate statements relative to
the distribution of the individual observations. This fact should be kept in mind in
interpreting the standard deviations shown in Appendix I.
High-low corrugations become evident at the double-backer when the flute
height differences exceed several points - say 4 or 5 points. Because the flute height
differences observations are not normally distributed, it is not possible to readily
Page 18 Fourdrinier Kraft Board Institute, Inc.
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relate average flute height differences to the number of larger differences present.
For this reason the percentage of individual differences falling below several arbi-
trarily selected.values was determined. Table III tabulates these results for an
endpoint of 4.0 points; Appendix I gives results for 3.0 and 5.0-point endpoints.
Which, if any, of the above endpoints may have the most practical value is not clearly
evident. However, it has been suggested that high-lows canbe discerned when differ-
ences are greater than 4 to 5 points.
Taking the 4.0-point endpoint, the maximum and minimum average flute height
differences are related to thepercentage of differences less than 4.0 points as fol-
lows:
Av. Flute Ht. Percent Less
Diff., points Than 4.0 Points
Normal operation
Roll 688 1.06 100.0
Roll 710 2.60 76.8
Adverse operation
Roll 717 1.82 92.5
Roll 768 4.68 53.1
It may be seen that for the higher average flute height differences sub-
stantial percentages of the individual flute height differences exceed 4.0 points.
The above results can be generalized as shown in Fig. 3. In the figure,
the average flute height difference is plotted against the cumulative distribution
values for the 3.0 and 4.0-point endpoints. Relatively smooth curvilinear relation-
ships were obtained. Thus, average flute height differences can be interpreted in
terms of the number of larger differencespresent. It may be noted that neither
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A scatter diagram illustrating the relationship between the results ob-
tained.under normal and adverse operating conditions is shown in Fig. 4. A correla-
tion coefficient of 0.763 was obtained. Thus, the flute height differences under
normal conditions were fairly well related to the caliper differences under adverse
operating conditions. The relationship is not perfect and this may reflect, in part,
the relatively high variability of the high-low measurements.
PHYSICAL PROPERTIES OF CORRUGATING MEDIUM
The properties of the corrugating medium which were evaluated in this study.
are tabulated in Table IV. It may be noted that the alcohol-benzene extractives were
determined for each medium sample because initial exploratory results suggested that
the percentage of extractives might be related to high-low flute formation.
From one.standpoint high-lows may be regarded as a response to the machine
direction tensile stresses and strains imposed in the corrugating operation. For
this reason, the tensile load-elongation curves were analyzed to derive approximate
estimates for both recoverable and nonrecoverable stretch (see Fig. 1). At a later
period in the analysis it was thought that the tensile energy absorption characteris-
tics of the medium should also be evaluated.
In the interest of economy and time the area under the tensile load-elonga-
tion curve was not measured to directly determine the tensile energy absorption capa-
city. Instead, the product of tensile strength times total stretch was calculated
and termed tensile work in this report. Tensile work determined in this matter is re-
lated but not equal to tensile energy absorption. However, as long as the tensile
load-elongation curve shapes are not too dissimilar, it may be expected there will be
a fair correlation between tensile work and tensile energy absorption (7). In this
regard Burgstaller and Krause followed essentially this procedure in their work on
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sack performance (8, 9). The product of tensile strength times recoverable stretch
was also calculated and termed "elastic" work. This quantity might be expected to
be approximately related to the elastic energy absorption characteristics of the
medium. While the above are approximations it was believed they would serve to
indicate whether energy absorption characteristics were better related to high-lows
than other tension properties.
SIMPLE CORRELATIONS
The simple correlation coefficients between the average flute height differ-
ences of the single-faced board and the various medium properties are listed in
Table V. Figure 5 illustrates the degree of correlation for each medium property.
Scatter diagrams illustrating the relationship of each individual property to the
average flute height differences are shown in Fig. 6-25.
Normal Corrugating Conditions
For normal corrugating conditions the following properties gave simple
correlation coefficients which were statistically significant at the 0.10 or 0.05
levels.
1. Alcohol-benzene extracts r = -0.53
2. Formation r = -0.44
3. "Elastic" work r = 0.44
4. Tensile work r = 0.42
5. Tensile strength r = 0.40
Thus, flute height differences tend to increase as (a) the amount of extrac-
tives decrease, (b) the formation becomes poorer (lower), and (c) the tensile strength,
tensile work and "elastic" tensile work increase.
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TABLE V
CORRELATION BETWEEN VARIOUS PROPERTIES OF




No. Property Conditions Conditions Composite
1 Moisture 0.21 0.24 0.25
2. Caliper (t) -0.01 -0.32 -0.22
3. Concora caliper difference 0.03 0.10 0.08
4. Concora moldability 0.15 0.15 0.16
5. Transverse compression 0.02 -0.17 -0.11
6. Friction 0.07 0.01 0.03
7. Water drop -0.12 -0.06 -0.08
8. Tensile (T) 0o 4 0b 0 .52
a 0.51a
9. Stretch (S) 0.31 0.26 0.29
10. Recoverable stretch (Sr) 0.31 0.15 0.22
11. Nonrecoverable stretch 0.29 0.30 0.31
12. Tensile modulus (E) 0.17 0 .4 2b 0.35
13. Tensile stiffness (Et) 0.21 0.44a 0.38b
14. Secant modulus -0.04 0.17 0.10
15. Tensile work (T x S_) 0.4 2b 0 .4 7a 0 .4 8a
16. "Elastic" work (T x S ) 0.4 4a 0 .4 6a 0.4 8a
17. Formation - -0.44a -0.28 -0.35
18. Alcohol-benzene extracts -0.5 3a -0.28 -0.38
b
19. Hygroexpansivity, 25-92% R.H. 0.18 0.08 0.12
20. Hygroexpansivity, 92-25% .R.H. -0.08 0.08 0.03
21. Hygroexpansivity, difference -0.07 -0.16 -0.13
Significant at the 0.05 level (0.433).
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The alcohol-benzene soluble material is a measure of such constituents.as
waxes, fats, and resins. It may possibly include portions of the so-called gums and
other water-soluble components. Thus, the extractives may include a variety of sub-
stances - depending on such factors as wood species, pulping conditions, washing and
possibly other factors. The extractives are present in only small amounts. In this
study the percentage of extractives ranged from 0.48 to 3.34% - averaging about 1.2%
for the 21 mediums in this study. It is speculated that the alcohol-benzene extrac-
tives may affect high-lows by either or both of two mechanisms as follows:
1. Certain components included in the extractives affect the frictional
characteristics of the medium and, hence, influence the tensions built up in the
web as it passes through the corrugating labyrinth.
2. Certain components included in the extractives become plastic at the
corrugating temperature and pressure and, hence, affect the moldability of the medium
and flute shape stability.
In a later section of the report it is noted that the alcohol-benzene ex-
tractives were negatively correlated at the 0.05 level with various tensile load-
elongation properties - tensile, tensile stiffness, tensile work, and "elastic" work.
Thus, the lower the extractives, the higher the various tensile properties and the
greater the tendency toward high-low flute formation. The alcohol-benzene extrac-
tives were also negatively correlated with the Concora moldability measurement - i.e.,
the higher the extractives the less the Concora strip expanded in length after pass-
ing through the fluter. Friction was positively correlated with the alcohol-benzene
extractives at the 0.10 level and the coefficient bordered on significance at the
0.05 level. Thus, the higher the extractives the higher the friction. From the
above considerations it appears more likely that the alcohol-benzene extractives may
influence high-low through the mechanisms of moldability, though the frictional'
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mechanism cannot be entirely discounted.. Perhaps it depends somewhat on exactly
what components are included in the extractives.
It should also be mentioned that the correlation of alcohol-benzene ex-
tractives with the average flute height differences should be viewed with caution.
Reference to Fig. 6 indicates that the correlation is probably quite dependent on
the relatively high extractive values for two of the mediums, namely Rolls 688 and
708. Omission of these two values would probably lower the correlation coefficient.
With regard to the effect of formation on high-lows, it appears reasonable
that the more uniform the formation the lower the high-lows. As the formation be-
comes more uneven, the less uniform should be the response of the web to tensions
and pressures in the corrugating operation. It seems reasonable that the less uni-
form stress response could result in differences in flute height.
As mentioned previously, three properties of the tensile load-elongation
curve exhibited significant correlations with single-face caliper differences.
They were tensile strength, tensile work, and "elastic" work. It is emphasized that
the tensile work value used herein represents the product of the ultimate tensile
and stretch values. Therefore, it is only approximately correlated to the tensile
energy absorption values which would be obtained by an integration of.the area under
the tensile load-deformation curve. The relationship of the two energy absorption
measures depends on the curve shape. For materials where the tensile curve shapes
are quite similar the measures may be quite highly correlated (7). Similar consider-
ations apply to the "elastic" work values.
With the above in mind, it appears reasonable that high-lows may be
influenced by the tension load-elongation characteristics. In general, the results
indicate that the higher the tensile strength, tensile work or "elastic" work, the
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more likely the occurrence of high-lows. This seems to suggest that, as these par-
ameters increase, there may be less plastic flow in the medium during the corrugating
operation and, hence, the flute shape.is less stable. It is rather curious that
tensile strength and tensile work - failure properties - are nearly as well related
to high-lows as "elastic" work, and it may be doubted whether the correlation coef-
ficients are significantly different.
Adverse Corrugating Conditions
For the adverse corrugating conditions the following properties gave
simple correlation coefficients which were statistically significant at the 0.10 or
0.05 level.
1. Tensile strength r = 0.52
2. Tensile work r = 0.47
3. "Elastic" work r = 0.46
4. Tensile stiffness r = 0.44
5. Tensile modulus r = 0.42
As mentioned previously, the adverse corrugating conditions were included
in the study because they may be indicative of medium performance under less than
"ideal" operating conditions. Under adverse conditions the above indicates.that only
the tension load-elongation characteristics gave statistically significant correlations
with average flute height differences. The direction of the effect was the same for
all properties - i.e., an increase in tensile strength, work, modulus, or stiffness was
associated with a trend to greater average flute height differences.
The above results differ from the results obtained under normal operating
conditions in that the coefficients for alcohol-benzene extractives andformation did
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not reach significance at even the 0.10 level. Perhaps the higher tensions employed
in the adverse condition resulted in greater emphasis on tension properties.
Composite of Normal and Adverse Operating. Conditions
When the normal and adverse conditions were composited to provide an over-
all measure of medium high-low performance, the following properties exhibited signif-
icant correlation coefficients at the 0.10 level or better:
1. Tensile strength r= 0.51
2. Tensile work r = 0.48
3. "Elastic" work r = 0.48
4. Tensile stiffness r = 0.38
5. Alcohol-benzene extractives r = -0.538
Thus, the highest coefficients were obtained with tensile strength, tensile
work, and "elastic" work. All coefficients were positive indicating that the higher
the property the greater the average flute height differences. As may be noted, the
alcohol-benzene extractives exhibited statistical significance at the 0.10 level.
Its coefficient of -0.38 was intermediate between its coefficients for the normal and
adverse conditions (-0.53 and -0.28, respectively).
As may be noted in Table V, three properties gave correlation coefficients
which were statistically significant at the 0.10 level or better in all three analyses.
They were (1) tensile strength, (2) tensile work, and (3) "elastic" work. The coef-
ficients for the three properties were roughly of the same order of magnitude within
a given analysis. It is doubtful whether,the small differences in correlation coef-
ficient between these three properties are of practical or statistical significance.
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Correlation Between Medium Properties .
The intercorrelation coefficients between the various medium properties
are shown in Table VI. In the preceding discussion it was noted that only a few of
the properties studied were significantly correlated with average flute height dif-








Centering attention on the above properties it may be noted that alcohol-
benzene extractives exhibited significant correlations at the 0.05 level with Concora
moldability, tensile strength, tensile stiffness, tensile work, and "elastic" work.
In these cases, negative coefficients were obtained indicating that the higher the
amount of extractives, the lower the test property. These sign differences are con-
sistent with the way the properties were related to flute height differences in the
previous section - i.e., high alcohol-benzene extractives and low tensile or tensile
work values were associated with lower caliper differences. It is not known whether
there is any real relationship between amount of extractives and the other properties
mentioned above. However, it appears possible that both the extractives and tensile
load-elongation properties are affected by other variables in the pulping and paper-
making operations in such a way as to lead to the relatively weak intercorrelations.
For the data in Table VI, formation was not significantly related to any
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With regard to the tensile load-elongation properties, it may be noted
that in frequent instances the properties are highly intercorrelated among themselves
as would be expected. For example, tensile strength is highly correlated (beyond
the 0.01 level) with tensile modulus, stiffness, work, and "elastic" work. Because
tensile strength was one of the factors entering into both work values, the high
correlation is not surprising. Tensile work was very highly correlated with "elastic"
work -reflecting the fact that (a) stretch and recoverable stretch were highly inter-
correlated, and (b) tensile strength was used in calculating both work values. For
the data of this study, therefore, it appears that tensile strength, tensile and
"elastic" work are so highly intercorrelated that they may be considered as practically
equivalent properties from a correlation standpoint. The same statement could be made
for a.number of other pairs of tensile load-elongation properties - for example, ten-
sile modulus and stiffness, or stretch, recoverable stretch, and nonrecoverable stretch.
MULTIPLE CORRELATIONS
Normal Corrugating Conditions
Stepwise linear multiple.regression techniques were employed to study the
relationship between average flute height differences and combinations of medium
properties. Essentially, the program used directs the computer to search through the
set of independent variables to select the variable best related to the dependent
variable; the remaining variables are then examined to select the next best indepen-
dent variable. This process is repeated until all the variables are included or until
the multiple correlation coefficient or F.test attain some specified value. At each
step, statistics are provided to test the significance of each variable in the regres-
sion as well as the overall significance of the regression. Except ina few instances,
the regression equations discussed in the following pages were those in which all
variables were statistically significant at the 0.10 level or better.
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For normal corrugating conditions, the regression equations shown in Table
VII met the above criterion. For each equation the regression coefficients are
shown together with the t value for each coefficient, the multiple F and multiple
correlation coefficient R. A value of R which has been adjusted for degrees of free-
dom is also shown. Average prediction errors in percent are shown for a number of
the equations.
Equation (1) is a single-factor relationship based on the alcohol-benzene
extractives and exhibits a correlation coefficient of 0.53. Equation (2) incorpor-
ates formation, and Equation (3) incorporates formation and friction with the alcohol-
benzene extractives. All factors were significant at the 0.05 level or better. The
two-factor relationship [Equation (2)] had a multiple R of 0.68 and the three-factor
relationship had a multiple R of 0.73. Thus, the addition of.the extra factors pro-
duced modest improvements in the multiple correlation coefficient. The average pre-
diction error was 13.2% using the three-factor relationship.
Equation (4) incorporated two additional variables - namely, hygroexpan-
sivity (25-92% R.H.) and caliper. While a further modest improvement in the multiple
R occurred, the individual properties were only significant at the 0.10 level with
the exception of the alcohol-benzene extractives (significant at the 0.01 level). It
may also be noted that the improvement in average prediction accuracy was fairly
small - from 13.2 to 12.0%.
Due to the moisture changes taking place in the medium in the single-facing
operation, it appears reasonable that hygroexpansivity could be one of the properties
affecting high-lows. Thus, greater dimensional instability under changing moisture
and R.H. conditions might be expected to result in a greater tendency toward high-lows.
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influence high-low formation inasmuch as the degree of molding in the labyrinth
may be affected by changes in caliper. However, the.results in Table VII suggest
that hygroexpansivity and caliper are of secondary importance - relative to the
alcohol-benzene extractives, formation and friction. On this basis it may be
more useful from a practical standpoint to prefer Equation (2) and/or Equation
(3) which involve a lesser number of properties.
As mentioned previously, the correlation of average flute height dif-
ferences.with alcohol-benzene extractives may be influenced to a considerable ex-
tent by two of the samples which exhibited considerably higher extractives content
than the other mediums. There is some risk, therefore, that the apparent importance
of alcohol-benzene extractives may be.overemphasized in this set of data. Additional
data on other mediums would be needed to clarify this point.
However, with this in mind, additional multiple regressions were investi-
gated using various tension load-elongation properties. In general, it was found that
two-factor regressions with both factors significant at the 0.10 level or better
could be formed using
1. Tensile strength and formation [see Equation (6)];
2. Tensile work and formation [see Equation (8)];
3. "Elastic" work and formation [see Equation (10)].
In the stepwise regressions, it was found that other properties added to the
above regressions, were not statistically significant at even the 0.10 level. When
Equations (6), (8), and (10) are compared, it may be noted that Equation (6) involving
tensile strength and formation exhibited a slightly higher F value and multiple R
and a slightly lower average prediction error than the other two equations.
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On the basis of these results for normal corrugating conditions, it
appears that the following conclusions may be drawn:
1. The best predictions of average flute height differences with all
properties significant at the 0.05 level or better were obtained with the following
combination of properties: (a) alcohol-benzene extractives, (b) formation, and
(c) friction. The average prediction error was 13.2%.
2. In (1) the single-face caliper differences increased as:
a. alcohol-benzene extractives decreased;
b. formation became less uniform;
c. friction increased.
3. Slight improvements in the predictive accuracy of (1) above could be
achieved by also considering hygroexpansivity and caliper.
4. As an alternative to regression equations based on alcohol-benzene
extractives as one of the properties, it appeared that the combination of tensile
strength and formation gave the next best predictions of average flute height differ-
ences. The average predictive difference was 15.4%.
5. In (4) the average flute height differences increased as
a. tensile strength increased;
b. formation became less uniform.
6. Tensile work or "elastic" tensile work in combination with formation
gave regression equations which exhibited only slightly greater prediction errors
on the average than the equation based on tensile strength and formation.
Adverse Corrugating Conditions
The better regression equations obtained in the stepwise analysis of the
data obtained under adverse operating conditions are summarized in Table VIII. It
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highest simple correlation with the average flute height differences. Therefore,
Equation (11) shows the single-factor relationship based on tensile strength alone.
In Equation (12) the second property entered in the stepwise regression was hygro-
expansivity (92-25%) - i.e., the percentage change in length associated with a de-
crease in R.H. from 92 to 25%. It may be noted, however, in Equation (12) that hy-
groexpansivity exhibited a low level of significance (0.20 level). Also, there was
no improvement in the average prediction error - from 17.1% for tensile strength
alone to 17.3% for tensile strength plus hygroexpansivity (92-25%) - even though
there was an increase in the multiple correlation coefficient.
In Equation (13) three properties were incorporated in the stepwise re-
gression, namely, tensile strength, hygroexpansivity (92-25%), and caliper. In this
case only tensile strength exhibited a high level of significance (0.01 level); the
levels of significance were only 0.10 and 0.20 for hygroexpansivity (92-25% R.H.)
and caliper, respectively. The average prediction error was 15.8% for the three-
factor relationship.
In Equations (ll)-(13) it may be noted that average flute height differ-
ences increase as tensile strength increases and as the hygroexpansivity contraction
from 92 to 25% R.H. increases. [Note: The hygroexpansivity 92-25% R.H. values
were given a negative sign to denote contraction, therefore, the negative sign on the.
coefficient and test value result in positive increase in flute height difference
when the contraction increases.] The negative sign on medium caliper indicates that
the flute height differences increase as caliper decreases.
It may be recalled that tensile work (and elastic work) also exhibited
significant simple correlations with the caliper differences obtained under adverse
conditions. With this in mind a series of stepwise regressions were also obtained
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using tensile work as a starting point. The resulting regression equations are
identified as Equations (14), (15), and (16) in Table VIII. Equation (14) is a
single-factor relationship based on tensile work and exhibits a correlation coef-
ficient of 0.47. Equation (15) incorporated caliper, and Equation (16) incorporated
caliper and hygroexpansivity (25-92% R.H.) with tensile work. In both Equations
(15) and (16), the last property entered in the regression was only significant at
the 0.10 level. The two-factor relationship had a multiple R of 0.59 and the three-
factor relationship had a multiple R of 0.67. Thus, the additional factors pro-
duced modest improvements in the multiple correlation coefficient and average pre-
diction accuracy.
As may be noted, Equations (13) and (16) are not consistent with regard
to hygroexpansivity. In one instance the dimensional stability under decreasing
moisture conditions is involved and in the other the dimensional stability under
increasing conditions is involved. Apparently, this may result from differences
in the way the various properties involved are intercorrelated. While it seems
reasonable that hygroexpansivity may be a factor in high-lows, it appears that
they exert a rather minor influence based on their relatively low significance
levels. A somewhat similar conclusion was reached when the data for the normal
corrugating conditions were analyzed.
Therefore, on the basis of these results for adverse operating conditions,
it appears that the following conclusions may be drawn:
1. Stepwise multiple regression analysis indicated that some improvement
in predictive accuracy (relative to tensile strength or work alone) could be achieved
with either of the following sets of properties:
a. tensile strength, hygroexpansivity (25-92%) and caliper;
b. tensile work, hygroexpansivity (25-92%) and caliper.
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However, in these three-factor regressions only tensile strength and tensile work
were highly significant (0.01 level).
2. The average prediction error of the three-factor equation involving
tensile strength, hygroexpansivity (92-25%) and caliper was 15.8. Using tensile
strength alone, the average prediction error was 17.1%.
3. The average prediction error of the three-factor equation involving
tensile work, hygroexpansivity (25-92%) and caliper was'16.5%. Using tensile work
alone, the average prediction error was 17.9%.
4. Basedon these results, it appears that the additional properties,
namely, the two hygroexpansivites and caliper, effected rather modest improvements
in correlation relative to tensile strength or tensile work alone.
Combined Data - Normal and Adverse Corrugating Conditions
To analyze the combined data, a.preliminary screening of medium proper-
ties was performed. The dependent variable in this analysis was the composite aver-
age of the average flute height differences obtained under normal and adverse oper-
ating conditions. The results of the analysis indicated that the following properties




The properties are listed in order of their selection in the stepwise regression.
Inspection of the t values for the regression coefficients indicated that tensile
strength and formation exhibited higher levels of statistical significancethan hy-
groexpansivity.
On the basis of the above and the previously discussed results for each
corrugating condition a number of multiple regressions were investigated for the
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combined data. The dummy variable technique discussed by Draper and Smith (10)
was used to allow for the differences in high-low level between the normal and
adverse corrugating conditions.
Referring to Table IX it may be noted that the two regressions exhibiting
the highest, multiple R and lowest prediction errors were as follows:
Y = 0478TE .10.2FO + f073 for normal corrugating conditions ) (1)
Y .0478TE- T-0.102FO + 2.10 for adverse corrugating conditions (1
Y = 0.069TE - 0.085FO - 2.16H9 - 1.53 for normal corr. conditions (2)
=- 0.069TE- 0.05FO - 2.16H9- -0.16 for adverse corr. conditions (2
where
Y = average flute height difference, pt.
TE = tensile strength, lb./in.
F0 = formation, unit
H9 = hygroexpansivity (92-25%), %.
A comparison of observed and predicted values for Equations (1) and (2)
may be found in Table X. It should be kept in mind that the caliper differences
exhibit a relatively high coefficient of variation. In an earlier section it was
noted that the 95% confidence limits on an average would be expected to be about +
0.46 point. This should be kept in mind in considering the differences between ob-
served and predicted values.
All factors in Equations (1) and (2) were significant at the 0.05 level or
better. It may be noted, however, that Equation (2) exhibited only a small improve-
ment in multiple R or prediction accuracy relative to Equation (1). The directions
of the effects are as discussed in previous sections of the report - i.e., flute
height differences increase as
(a) tensile strength increases;
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(c) hygroexpansivity changes become larger (the H9 values in this study
were assigned a negative value to denote contraction).
It is speculated that the trend to higher caliper differences with tensile
strength may occur because the corrugating stresses induce less plastic flow in the
sheets with high tensile stress. As a result there may be greater strain recovery
after passage through the corrugating labyrinth and consequently a greater possibil-
ity that differences in flute height may occur. It should be noted, however, that
tensile strength is a failure property. Flute height differences or high-lows are
not,'in general, associated with failure of the medium though they often become more
pronounced at speeds somewhat below the fracture speed. Thus, it seems difficult to
entirely justify on physical grounds the correlation between tensile strength and
caliper differences. On the other hand, other tensile properties such as modulus,
stiffness, work, elastic work, stretch, recoverable stretch, and nonrecoverable
stretch were, in general, inferior in correlation to tensile strength. Perhaps
measures of the proportional limit load and strain or the slope of the load-defor-
mation curve in the inelastic region would be worthwhile candidates for future inves-
tigation.
The apparent influence of formation appears to indicate that the uniformity
of the sheet influences high-low flute formation. Nonuniformities in formation would
be expected to influence both the degree of molding or separation of the upper and
lower corrugating rolls and the response of the sheet to the tensile stresses in the
plane of the sheet. Abrupt changes in caliper - e.g., a roll splice - are known to
cause transient oscillatory displacements of the upper corrugating roll with resulting .
high-lows in the vicinity of the splice. On a much less pronounced scale, variations
in sheet density both across the web and in the direction of travel, might result in
smaller scale displacements of the upper roll and consequently in-high-low flutes -
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less pronounced than in the case of a roll splice but still evident. It would be
of interest to study the dynamic fluctuations on formation - and perhaps caliper -
on the moving web and their relationship to corresponding fluctuations in upper
corrugating roll motion and high-lows.
Equations (1) and (2) indicate that hygroexpansivity is significantly
related to caliper differences. However, it does not appear to be a strong factor
inasmuch as the average prediction error only decreased from 16.6% for Equation (1)
(without hygroexpansivity) to 15.4% for Equation (2) (with hygroexpansivity).
While it does not appear to be a major factor in high-low flute formation, the
moisture changes effected in the medium during corrugating perhaps justify consider-
ation of the dimensional stability of the sheet under changing moisture conditions.
As mentioned in previous sections of the report, tensile work and elastic
tensile work were significantly correlated with the caliper differences for both
the normal and adverse corrugating conditions. With this in mind, two-factor re-
gressions were performed using (a) formation and tensile work, and (b) formation and
"elastic work". As shown in Equations (19) and (20) in Table IX, significant regres-
sion equations, were obtained; however, they were slightly inferior in prediction
accuracy to Equation (17) (tensile strength and formation). Efforts to improve the
tensile work-formation relationship by consideration of hygroexpansivity, caliper,
transverse compression and friction were not successful as the third factor failed to
attain statistical significance at even the 0.10 level.
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